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ABSTRACT

The role of bromine compounds in the photochemistry of the natural and perturbed stratosphere has
been reexamined using an expanded reaction scheme and the results of recent laboratory studies of
several key reactions. The most important finding is that through the reaction BrO + CIO — Br
+ Cl + O, there is a synergistic effect between bromine and chlorine which results in an efficient catalytic
destruction of ozone in the lower stratosphere. One-dimensional photochemical model results indicate
that BrO is the major bromine species throughout the stratosphere, followed by BrONO,, HBr, HOBr
and Br. We show from the foregoing that bromine is more efficient than chlorine as a catalyst for destroy-
ing ozone, and discuss the implications for stratospheric ozone of possible future growth in the
industrial and agricultural use of bromine. Bromine concentrations of 20 pptv (2 X 107!), as suggested
by recent observations, can decrease the present-day integrated ozone column density by 2.4%, and
can enhance ozone depletion from steady-state chlorofluoromethane release at 1973 rates by a factor

of 1.1-1.2.

1. Introduction

In recent years, photochemical models have been
used to understand the factors that control the
distribution and column abundance of ozone in the
present stratosphere, and to assess the impact of
perturbations by stratospheric aviation (Crutzen
1970; Johnston 1971) and the release of chloro-
fluoromethanes (McElroy et al. 1974; Molina and
Rowland 1974; Cicerone et al. 1974; Wofsy et al.
1975a; NAS, 1976; NASA, 1977; Crutzen et al.
1978). Although the importance of HO,, NO, and
Cl, in controlling stratospheric ozone is now well
recognized, the close coupling that exists between
members of different families has only recently be-
come fully apparent. Indeed, the net effect of these
interactions can be subtle, e.g., CIONO, is a
reservoir species for Cl,, but the formation of
CIONOQO, via the reaction ClO + NO, + M —
CIONO, + M can result in either a decrease or in
an increase in the catalytic destruction of odd oxy-
gen depending on the photolytic fragmentation
products of CIONQ, (Smith er al., 1977; Chang
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et al., 1979). Although both Watson (1975) and
Wofsy et al. (1975b) recognized the importance of
bromine for catalytic destruction of ozone, neither
paper considered the coupling of the chlorine and
bromine systems. Derwent and Eggleton (1978) in-
cluded the coupling of the chlorine and bromine
systems in a calculation of ozone depletion in the
natural atmosphere due to 10 pptv Br, and 1.3 ppbv
Cl,, but did not discuss the catalytic cycles or the
effect on ozone in any detail.

Wofsy et al. (1975b) calculated the magnitude of
the ozone perturbation by bromine through two

“catalytic cycles

Br + O3 — BrO + O, (1)} @
BrO+O—-Br+0, (8
Net O+ 0;— 20,
2(Br + O3 — BrO + 0,) (1)] an
BrO + BrO — 2Br + O, (¢)]
Net 20; — 30,

However, Wofsy et al. (1975b) did not consider
the following catalytic cycles:
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Br + O; — BrO + O, (1
Cl+ 03— CIO + O, (15) (I1I)
BrO + ClIO - Br + Cl + O, (10a)
Net 20; — 30,
Br + O; — BrO + O, n
BrO + NO, + M — BrONO, + M (11)
NO, + hv > NO + 0,  (Js)
NO + O3 —» NO, + O, (20)
Net 205 — 30,
Br + O; — BrO + O, n
BrO + HO, — HOBr + 0, (12)| v,
HOBr + hv — OH + Br (J3)
OH + 0, — HO, + 0,  (24)
Net 20; — 30,
Br + O; — BrO + O, (1)} R0
BrO + O;— Br + 20, (13)]
Net 20, - 30,

We shall argue that cycle (III) is an example of an
interaction between radical species from different
families which may provide an important additional
photochemical sink for ozone, especially in the
lower stratosphere, where competing rate determin-
ing reactions such as

CIO+0—->Cl+ 0O,
NO,; + O - NO + O,

(16)
17)

are rapidly falling off with decreasing altitude. Cycle
(IV) requires that the photolysis products of
BrONO, and NO; are Br + NO; and NO + O,,
respectively. For alternative dissociation paths
BrONO, — BrO + NO,, BrONO, — O + BrONO
and NO; — NO, + O, the cycle would not result in
a net destruction of ozone. This paper will discuss
the close coupling of the Br, system with the HO,,
NO, and Cl,. systems with emphasis on the reactions

BrO + hv — Br + O (J2)

BrO + CIO - Br + Cl + O, (10a)
BrO + NO, + M- BrONO, + M (11)
BrO + HO, — HOBr + O, (12)

which have not been previously examined. Our dis-
cussion also includes other catalytic cycles involv-
ing Cl,-NO, and Cl,-HO, systems which might
also lead to an efficient destruction of ozone in the
lower stratosphere:
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Cl+0,-ClO+0, (15
ClO + NO, + M—>CIONO, + M (19)
CIONO, + hv—Cl + NO, (Jww) ¢ (VID
NO; + hv—NO + O, (Jo)
NO + 0;—NO, + O, (20) -
Net 203'_) 302
Cl+0,—ClO+0, (15
HOCI + hv— OH + Cl  (Jy) .
OH + O; — HO, + 0, (24)
Net 205 — 30,

We may note that in all one-dimensional model-
ing studies of the effect of halogenated compounds
on O, (see, e.g., Chang 1976; Logan et al. 1978),
perturbations above 25 km are significantly larger
than those between 16 and 25 km. The present work
raises the possibility of additional O; reductions
in the lower stratosphere not considered in the
previous works. In another paper (Wanget al. 1979),
we calculate the effects of O, depletion in the lower
stratosphere on the earth’s surface temperature. A
net cooling of the surface (AT, = —0.3 K) could re-
sult, a value which is sufficient to ncarly cancel
the chlorofluoromethane-induced greenhouse effect.

2. Photochemistry of bromine compounds

Table la summarizes the reactions involving
bromine-containing species, thought to be important
in the photochemistry of the stratosphere, along with
the preferred values of their rate coefficients. As
will be shown later, the partitioning of inorganic
bromine into its constituent species (Br, = HBr
+ BrONO, + BrO + HOBr + Br), and the magni-
tude of its effect on ozone, is sensitive to only a
few of these rate coefficients. The reaction scheme is
similar to that suggested by Watson (1975) and
Wofsy et al. (1975b), but has been expanded some-
what to include the formation and destruction
of BrONO,, and HOBr and the interaction between
the Br, and Cl, systems. The basic set of key reac-
tions in the Br, system is similar to that in the
Cl, system, with a few important exceptions: 1)
hydrogen atom abstraction by atomic bromine from
H, and CH, are highly endothermic; consequently,
these reactions are too slow to be important in the
stratosphere; and 2) radical-radical processes such
as the bimolecular disproportionation of BrO radi-
cals may play an important role in Br, chemistry
(the magnitude of the effect is critically dependent
on the mixing ratio of total inorganic bromine),
whereas their chlorine analogs are thought to be of
little importance; and 3) the photolysis rate for BrO
is two to three orders of magnitudes faster than
that for ClO.
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Atomic bromine can be converted into the inactive
form of HBr by three processes:

Br + HO, —» HBr + O, 2
Br + H202 — HBr + HOg (3)
Br + H,CO — HBr + HCO )

An estimated value of 2 x 107!! ¢m® s~! has been
used for k, in most of our calculations as there has
not been a direct study of this reaction using a
modern kinetic technique. The sensitivity of our
model to the absolute value of k, has been tested by
using values of 0.5 and 4 x 10" cm? s~!. Using the
upper limit tabulated for k5, it can be shown that
reaction (3) is not an important loss mechanism
for Br. It can also be shown that reaction (4) is
unlikely to be comparable in magnitude to reaction
(2) as a loss process for Br, as k, would have to be
greater than 1 x 107'2 cm?® s~ at stratospheric tem-
peratures (this assumes that the mixing ratio for
H,CO is ~0.1 ppbv), whereas an estimated value of
<1073 ¢cm® s~! is more realistic. Consequently, the
only important formation process for HBr is reac-
tion (2) (the formation of HBr via the reaction of
BrO with OH is discussed later). The major process
by which atomic bromine is regenerated from HBr is

OH + HBr — H,O + Br (5)

Other minor loss mechanisms for HBr are
HBr + hv - J + Br (Js)
HBr + O — OH + Br (6)

Since the calculations of Wofsy et al. (1975b),
the rate coefficients for

HO, + NO — OH + NO,
HO, + O; — OH + 20,

(22)
(18)

have been revised (Howard and Evenson 1977;°

Howard 1978), resulting in higher concentrations of
OH, and lower concentrations of HO, and H,0,.
The net result is that the Br:HBr ratio is signifi-
. cantly higher in the present model than in previous
models. We may note that the Br:HBr ratio is
significantly higher than the CL:HCI ratio in the
stratosphere due to slower rates of formation of
HBr compared to HCl, combined with the much
greater reactivity of HBr, over HCI, toward OH
radicals.

The other major pathway for atomic bromine is its
reaction with O, to form BrO:

Br+ O, — BrO + 0, (1)

Once formed, BrO participates in a series of reac-
tions similar to those of the CIO radical in the
Cl, system:
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BrO + hv - Br + O (J2)
BrO + NO — Br + NO, @)
BrO + O — Br + O, ®
BrO + BrO — 2Br + O, (9a)
— Br, + O, (9b)

BrO + CIO — Br + Cl + O, (10a)
— Br + OCIO (10b)

BrO + NO, + M — BrONO, + M (11)
BrO + HO, — HOBr + O, (12)
BrO + O; — Br + 20, (13)
BrO + OH — HO, + Br (14a)
— HBr + O, (14b)

Reactions (J,), (7), (8) and (11)—(14) play the same
roles as their chlorine analogs. Using the absorption
data obtained by Durie and Ramsay (1958) and
Clyne and Cruse (1970), we repeat Watson’s (1975)
analysis and estimate a diurnally averaged photol-
ysis rate J, = 1 X 1072 s7! (including corrections
for Rayleigh scattering and ground albedo). Since
the possibility of continuum absorption underlying
the series of bands in the region 289-355 nm is not
ruled out from either Durie and Ramsay’s (1958) or
Clyne and Cruse’s (1970) data, J, could be as high as
3 x 1072571, In the stratosphere, reactions (J,)
and (7) are both important, but not as effective
in limiting the catalytic efficiency of Br, as the
NO + CIO reaction is in the Cl, system. The pri-
mary reason is that while BrO is the major form of
Br,, CIO is not the major form of Cl, in the
stratosphere. Although the rate coefficient for
reaction (8) is uncertain by a factor of 3 this does not
introduce a significant uncertainty in the magnitude
of the ozone perturbation, for reasons which will
be discussed in the section on atmospheric model-
ing. The formation and destruction of BrONO,
through

BrO + NO, + M — BrONO, + M (11)
BrONO, + hv — Br + NO, J)

results in cycle (IV). The rate coefficient for reac-
tion (11) is taken to be twice that for the formation
of CIONO, via reaction (19), based on data collected
between 50 and 700 Torr at 298 K by Sander et
al. (1979)

Reactions (9a) and (9b) [BrO + BrO] are several
orders of magnitude faster than reactions (23a),
(23b) and (23¢) [CIO + CIO]. Therefore, reactions
(9a) and (9b) can become important at high BrO
concentrations (Br, = 100 pptv). Even though the
branching ratio of reaction (9) has been incorporated
into the model, it is unimportant as Br, undergoes
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TABLE la. Partial list of essential reactions discussed in this paper with their preferred rate coefficients. We use the rate
coefficients recommended by NASA (1977), except as otherwise given in this table. The units for diurnally averaged photolysis
rates (J), two-body and three-body reactions (k) are s™, cm® s™* and cm® s™!, respectively. The numerical values or J refer to
40, 30 and 20 km for 30°N, spring—fall season.

BrONQ, + Av — Br + NO, Jy =16 x 1073, 1.1 X 1073, 9.8 x 10~ d)
BrO + hv - Br + O Jo=1x 1072 (e)
HOBr + hv — OH + Br J3 = 1.7 x 1073, 1.3 x 1072, 1.1 x 10~* (3]
Br, + hv— Br + Br Jy= 15x 1072 @®)
HBr + hv - H + Br Js = 5.8 x 1078, 4.9 x 10°¢, 2.8 x 10~* (c)
CH,Br + hv - CH; + Br Je=73x107% 4.1 x 108, 2.2 x 107 (c)
NO; + hv - NO, + O Jr=1x10"% (a)
NO; + hv - NO + O, Jg =5 x 1073 (a)
HOCI + hv - OH + Ci Jg=2X% 107 (h)
CIONO, + hv — Cl + NO, Jm=35><10“‘88><10557><10‘ (a)
NO; + hv —-» NO + O Jy=175x%x10"3 (a)
HNO; + hv —» OH + NO, Jip = 2.8 %X 1075, 5.7 x 107%, 3.9 x 1077 (a)
Br + O; — BrO + O, ky = 1.4 x 1071755 i
Br + HO, — HBr + O, ky =2 x 1071 . 6)
Br + H,0, — HBr + HO, ky < 2 X 10712g 714007 ) k)
Br + H,CO — HBr + HCO ky=<1x 101 ()]
OH + HBr — H,0 + Br ks = 8.5 x 10712 (m)
O + HBr - OH + Br kg = 7.6 X 10712 ~1571UT (n)
BrO + NO — Br + NO, k; = 8.7 X 107122657 (o)
BrO + O — Br + O, kg =3 x 1071t (p)
BrO + BrO — 2Br + O, koa = 2.1 X 107122447 (Q
— Br, + O, kgn = 3.5 X 107132447 .
BrO + CIO — Br'+ Cl + O, kips = 6.7 x 10712 )
- Br + OCIO ki = 6.7 x 10712
BrO + NO, + M — BrONO, + M ki = 2kyy (s)
BrO + HO, — HOBr + O, ki, = 4 % 10712 . ®
BrO + O; — Br + 20, ki < 1 x 1071216007 (u)
BrO +OH — HO, + Br Kk 14a v)
~ HBr + O, ' kyan
Cl+ 0; > ClO + O, . ks C (a)
ClIO+0—->Cl+ 0, ks (a)
NO, + O - NO + O, [ (a)
HO, + O3 — OH + 20, kig = 1.1 X 10715807 ’ (b)
CIO + NO, + M - CIONO, + M ko - (a)
NO + O; » NO,; + O, (2% (a)
ClO + HO, — HOCl + O, kyy = 3.8 x 10712 (b)
HO, + NO —» NO, + OH kyy = 3.4 x 107122507 (b)
ClO + CIO - products kos (a)
OH + O; — HO, + O, k34 (a)
Cl + CH, — HCI + CH;, kos = 9.9 X 10712713397 (b)
OH + C,H,Br, — products kyg = 2.5 x 10713 (w)
OH + CF;Br - products ke < 1 X 10718 (x)
OH + CHBr; — products kog = 4.7 X 10712g71134T (y)
OH + CH,;CBr; — products koo = 2.5 X 10712g 14307 (y)
OH + CH;Br — CH,Br + H,0 ksp = 7.9 X 10713e—889/T )
ClO + NO — Cl + NO, ks (a)
HCl + OH - H,0 + Cl ks (a)
Cl + H,CO — HCl + HCO ks = 7.5 x 1071 (2)

(a) NASA (1977).

(b) NASA (1979).

(c) Wofsy et al. (1975a,b).

(d) Spencer and Rowland (1978), recommended by b.

(e) Based on Durie and Ramsay (1958) and Clyne and Cruse (1970).

(f) Based on Molina and Molina (private communication, 1979) cross section for HOCI, red-shifted by 300 nm.

(g) Calvert and Pitts (1966).

(h) Molina and Molina (1979).

(i) Evaluated from the data of Clyne and Watson (1975), Leu and DeMore (1977), Michael et al. (1979) and Michael and
Payne (1979), recommended by b.

(j) Estimated.

(k) Based upon the unpublished upper limit reported for £(298K) by Leu and DeMore, recommended by b.

()] Estimated.

(m) Mean of values reported by Takacs and Glass (1973a) and Ravishankara et al. (private communication, 1979), recom-
mended by b.

(n) NASA 1010, based upon Tackacs and Glass (1973b), Brown and Smith (1975) and Singleton and Cvetanovic (1976, based
on paper presented at the 12th Informal Conference on Photochemistry, NBS, Washington, DC). '
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TABLE la. (Continued)

(o) Watson et al. (1979).

(p) NASA (1977), based upon Clyne et al. (1976).
(q) Sander and Watson (1979).

(r) NASA (1977), Clyne and Watson (1977).

(s) Based on provisional data obtained between 50 and 700 Torr N, at 298 K, by Sander et al. (1979).

(t) Estimate based on 4(ClO + HO,).

(u) Estimated Arrhenius expression based upon upper limit of 5 x 1071 ¢m?® s at 298 K reported by Sander and Watson

(1979), not included in normal model (see text).
(v) See text.
(w) Howard et al. (1975).
(x) LeBras and Combourieu (1978).
(y) Based on chlorine analogs (Davis ef al.,
(z) Stief er al. (1978).

rapid photolysis in the stratosphere. Cl, and Br,
reactions are unimportant at night as both ClO and
BrO are tied up as CIONO, and BrONOQO,, respec-
tively. The Cl, and Br, systems are coupled through
reactions (10a) and (10b). It is unimportant whether
process (10a) actually proceeds through either Br
+ CIOO or Cl + BrOO as both peroxy radicals
undergo rapid thermal decomposition. Even if the
products were BrCl + O,, it is equivalent to writing
Br + Cl + O, as BrCl rapidly photolyzes in the
stratosphere. Unfortunately reaction (10a), which
is the key reaction, has only been studied at 298 K
and the two published studies report values which
differ by a factor of 3; k., could exhibit either a
small positive or negative temperature dependence.
Reaction (10b) only participates in a net-nothing
cycle, as the photoly51s products of OCIO are
O(*P) and Cl0O:

Br + O; — BrO + O, @)
BrO + CIO — Br + OCIO (10b)
OCIO + hv — O + CIO

O+0, +M—=>0;+ M

Net

For cycles (V) and (VI) to be important, the rate-
limiting steps (12) and (13) must be comparable to
the rate-limiting steps in cycles (I)-(IV). The im-
portant formation and destruction processes for
HOBr are

HO, + BrO — HOBr + O, (12)
HOBr + hv — OH + Br (J3)

The steady-state concentration of HOBr is
[HOBr] = k,[HO,]1[BrO]/J;.

Substituting our best estimates for k,, and J,
(see Table 1a) results in a ratio of ~0.1 for [HOBr)/
[BrO]. Therefore, HOBr is not a significant reservoir
of Br,. In the current atmosphere (assuming 20
pptv Br, and 2.3 ppbv Cl,) cycle (V) is not im-
portant unless k;, > 4 X 1072 cm® s~!, an unlikely
possibility. Cycle (VI) does not become important

nothing

1976; Watson etal.,

1977).

unless k3 = 3 x 1071 cm?® s~! at stratospheric tem-
peratures. An upper limit of <5 x 107" cm?® s~! has
recently been reported for k,, at 298 K by Sander
and Watson (1979). However, it must be stressed
that no reaction was observed, and that the chlorine

. analog of reaction (13) is very slow with an upper

limit of ~10~8 cm?® s—! (Lin et al. 1975). In our calcu-
lations we do not include reaction (13).

The OH + BrO reaction (14) has not been in-
cluded in the model as neither the overall rate
coefficient nor the product distribution is known.
Although reaction (14a) can participate in the
catalytic cycle

Br + O3 — BrO + O, H
OH + BrO — Br + HO, (14a)
HO, + O; — OH + 20, (18)

Net 20; — 30,

it is unimportant as the magnitude of the rate-deter-
mining step is not comparable to those in cycles
(D—-(V) unless k4, = 1071° cm?® s™! which is quite
unlikely (the magnitude of k,, is expected to be
quite similar to k(OH + CIO) which has recently
been reported to be 9.1 x 10712 ¢cm? s~! at 298 K by
Leu and Lin (1979). Reaction (14b) can be important
in reducing the catalytic efficiency of Br, by de-
creasing the BrO/Br, ratio. For reaction (14b) to be
important the magnitude of k., [OH][BrO] must be
comparable to k,[Br][HO.] in order to influence
the rate of formation of HBr and the partitioning
of Br,. This occurs when kw/k, = 0.1, i.e., kg
~2 %X 1072 cmd s :

3. Atmospheric modeling

Singh et al.’s (1977) measurements of halogenated
organic species indicate that methyl bromide (CH;Br)
is probably the major bromine species in the
troposphere with concentrations ranging from 1 to
300 pptv. The average concentration is ~5—10 pptv
in clean air and 20 pptv in marine air (Singh, 1979,

_private communication). The main source of CH;Br

is marine biological activity (Lovelock, 1975). There
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TABLE 1b. List of reactions used in our model in addition TABLE 1b. (Continued)
to those given in Table la. Values for the mean dissociation
rate J are given for 40 km. Reaction k
Reaction J CH,Cl + OH — products (a)
CIOO+M—-Cl+0,+M (b)
0. + hv — 20 1.8 (~10) CH,0, + NO — CH,0 + NO, (b)
Oy +hv~>0,+ 0 9.0 (—4) CH,0 + 0, > CH,0 + HO, (a)
0; + hv — O, + O('D) 6.8 (—4) CH,0, + CH,0, — 2 CH,0 + O, b
H,0 + hv — H + OH 6.6 (—10) CH,0 + OH — CHO + H,0 . (b)
H,0, + hv — 20H 1.9 (-5) CHO + 0, — O + HO, (a)
N,O + hv — N, + O('D) 1.4 (-7) CH;0, + HO, — CH;00H + O, (b)
NO + hv > N + O 9.1 (~8) CH;00H + OH — CH,0, + H;0 (©
NyO5 + hv — NO, + NO; 9.8 (—93) CH; + O, + M - CH;0, + M (c)
Cl, + hv — 201 1.2 (-3) CH; + 0, > CH,0 + OH ©
HCl + hv - H + Ci 8.6 (—8)
ClO + hv—> Cl+ 0O 6.2 (-9) (a) NASA (1977).
CFCl; + hv — products 3.4(-6) (b) Logan et al. (1978).
CF,Cl, + hv — products 3.8(-7) " (c) Wofsy (1976).
CH;Cl + hv — products 7.7 (-8) (d) DeMore (1978, private communication). This value is close
CCl, + hv — products 1.6 (=5) to 4.5 X 107" recommended by NASA (1979).
COF; + hv — products 9.5(-8)
COFCl + hv — products 1.3 (—-6)
CO; + hv - CO + O 1.8 (-11) is a smaller contribution from anthropogenic sources,
CEIH(; +hv— CH, + H 64(=36) - associated with its use as a soil fumigant. Other
20+ hv - CHO + H 1.5(-95) . .
CH,0 + hv — H, + CO’ 2.4 (-5) bromine compounds such as dibromomethane
CH,00H + hv — CH;0 + OH 1.9 (=5) (CH;Br,), bromoform (CHBr;) and dibromochloro-
Reacti : methane (CHCIBr,) could also be produced in the
eaction k . .
marine environment and subsequently released to
0D+ 0,50+ 0, (@) the atmosphere (Burreson et al., 1975; Theileret al.,
OD+N;>0+N, @ 1978; Helz and Hsu 1978), but they have not yet been
O'D + H,0 — OH + OH (a) detected in the atmosphere. Leinster et al. (1978)
0D+ H,— H + OH : (a) ! ) o
0'D + CH, — CH, + OH @) and Singh (1979, private cc.)mmumcaglon) have de-
O'D + N,0 —> NO + NO (a) tected ethylene dibromide in urban air. Its concen-
O'D + N;O— N, + O, (@) tration lies in the range from 0.1 to 20 pptv, and is
0+0,+M->0;+ M (b) clearly related to the use of ethylene dibromide
0+ %3 :_' 1\(/)[ : f)?’ M Eg; as a gasoline additive. Spenc'e.r and Rowland (197§)
N + 0y = NO + O, ® have suggested that additional anthropogenic
O+O0OH-—>0,+H (a) sources of bromine could come from some bromo-
O + HO; - OH + O, (@) fluorocarbon compounds (e.g., CF,;Br, CF,BrCF,Br)
H + O0; > OH + O, @ which are used extensively as flame retardants,
H+ 0, + M- HO, + M (a) : .
N + 0, — NO + O (@) and will be ultimately released to the atmosphere.
N + NO = N, '+ O (a) The lifetimes and source strengths of important
OH + NO? + M — HNO; + M (a) organic bromine species are summarized in Table 2.
OH + HNO; — H,0 + NO, (a) Compounds with long lifetimes in the troposphere
OH + HO, - H,0 + O, @) are eventually transported into the stratosphere
H + HO, —» H, + O, . (b) . . ’
H + HO, —» OH + OH (b) where they can be readily decomposed to provide a
H+ HO, » H,0+ 0 (b) source of inorganic stratospheric bromine. ‘
HO, + HO; — H,0, + O, () In the stratosphere the presence of small con-
Hi?zo + OH — H,0 + HO, (a) centrations of bromine was first reported by Lazrus
OH + &g : 8337; 1:1205 8 et al. (1976), using an air filter technique for captur-
NO; + NO — NO, + NO, ®) . ing stratospheric halogens from a balloon platform.
NO; + O3 = NO; + O, (a) Recently, Lazrus et al. (1979) performed a compre-
NO; + NO, + M — N,O; + M (b) hensive set of measurements of stratospheric
Ngf N 283 - ggf N 82 +NO Al x (1%)_“ 4 Dbromine and chlorine, using analytical techniques
CO + OH = CO, + H : @ @ that include neutron activation analysis. Neither
H, + OH - H,0 + H (b) the neutral nor base-impregnated filters collect
HNO; + O — OH + NO; b _ organic compounds (e.g., CH;Br, CF;Br). The
a Nz?:i + x—» EII()2 + NO; + M (b) collection efficiencies for the alkaline-based filters
Camo E 8 e Mo ® have been calibrated for HCI, CIO, CIONO,, HBr
3 3 (a) 3
Cl + H, —» HCl + H (a) and BrO, but not for BrONO, or HOBr. However,
we do not expect large deviations in collection

Cl+0,+M—CIOO + M (@)
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TaBLE 2. Lifetimes and sources of important organic bromine compounds.

CH;3Br C,H,Br, CF;Br CHBr, CH;CBry

Globally averaged mixing

ratio (pptv) 5-10 (a) 0.1-1 (b) <1 (¢) (d) (d)
Major sink CH,Br + OH(e) C,H,Br, + OH(e) CF;Br + hr(f) CHBr; + OH(e) CH,CBr; + OH(c)
Mean lifetime 2.1 years 3 months 70 years 1 year 5.7 years
Globally averaged source

strength (10° gm Br year™!) 35-70 12-120 <0.21 ) (d)
Global industrial production

(10° gm Br year™) (g) 14 (h) 182 (h) 1.1 (h, i) (d) (d)

(a) Based on Singh er al. (1977), and Singh (1979, private communication).
(b) Estimated from Leinster et al. (1979). These numbers must be considered as illustrative rather than representative of

true mean values.
(c) Singh (1979, private communication).
(d) Information not available.

(e) We assume a mean tropospheric OH concentration of 5 x 10° cm™ (Singh, 1977; Chang and Penner, 1978). The rate

coefficients are given in Table 1.

(f) Based on dissociation cross-sections measured by Molina and Molina (1979)

(g) A much more difficult quantity to estimate is the release rate to the atmosphere, which probably ranges from 10 to 50%
of the production rate for most of the compounds considered here.

(h) Based on 1975 and 1976 data published in Bureau of Mines Yearbook, U.S. Department of Interior. Since the United
States accounts for 67% of all bromine produced, we estimate the global production rate by multiplying the U.S. production

" rate by a factor of 1.5.

(i) Based on U.S. 1976 production of 0.75 x 10° gm Br, see text.

efficiencies among the major inorganic halogen
species. Fig. 1 shows the mixing ratio for total
inorganic bromine Br,(=Br + 2Br, + BrO + HBr
+ BrONO, + HOBr) at 19 km, from the equator
to 70°N. The dots and crosses represent data
obtained in April 1976 and July 1977, respectively.
The noticeable increase in Br, both as a func-
tion of altitude and latitude suggests that strato-
spheric bromine is derived from a tropospheric

precursor, such as CH;Br or CF;Br. In subsequent
computations, we shall assume that all Br, is de-
rived from a CH;Br source. A vertical profile for
Br,, obtained by averaging all of the 1976 and 1977
data, is given in Fig. 2. We have decided to ignore
the anomalously high data point at 37 km. Indeed,
for the last two altitudes, 32 and 37 km, a different
air injection technique, used to collect the samples,
might have led to spurious results. Alternatively,
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'(_) o0 o b d o e
@ 0 o , X X —
g X X X X . X
'8 8 x ° X [ X % o ®
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3 ‘ . .
<< 6 b4 N
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a 4 — X —
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0] i [ ] ] ] i 1
o) 10 20 30 40 50 60 70 80
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Fi1G. 1. Mixing ratio for total inorganic bromine Br, (=Br + 2Br, + BrO + HBr
+ BrONO, + HOBr) at 19 km from the equator to 70°N. The dots and crosses rep-
resent data taken’in April 1976 and July 1977 by Lazrus et al. (1979).
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FiG. 2. Vertical distribution for Br, obtained by averaging all avaiiable data taken
by Lazrus ez al. (1979) in 1976 and 1977. The curve is obtained from model calculation
by assuming that all Br, is derived.from CH;Br.

the collection efficiencies of the filters may have
been influenced by the exceedingly reactive chemi-
cal environment in the middle and upper strato-
sphere. However, the anomalously high bromine
" values are reminiscent of Anderson et al.’s (1977)
high chlorine values. These measurements may
reflect our imperfect understanding of the sources
of stratospheric halogens and the species partition-
ing amongst them.

HOBr
hv HO,
03
U
Br hy  CIO NO BrO
BrO O
HO» OH hy NO,
0
4
HBr BrNO3

F1G. 3. Schematic diagram summarizing the major bromine
species and their interactions.

The major bromine species in the stratosphere
and important paths for cycling between species
are schematically summarized in Fig. 3. Fig. 4
presents height profiles computed for BrO, BrONQ,,
HBr, HOBr and Br in the present stratosphere with
20 pptv total bromine (Br,), as prescribed by the
profile shown in Fig. 2. The computations were
carried out with a diurnally averaged one-dimen-
sional photochemical model. Our model is based on
a set of about 100 essential reactions recommended
by NASA (1977), whose rate coefficients we adopt,
except as otherwise stated in Tables la and 1b. We
adopt the U.S. Standard Atmosphere model for
30°N, spring-fall season. Diurnally averaged photo-
dissociation rates were obtained by integration over
a 24 h cycle. Corrections to mean dissociation rates
due to Rayleigh scattering and ground albedo for
species that dissociate at wavelengths >200 nm
are approximately made by modifying these quanti-
ties by factors taken from NASA (1977) and Wofsy
(1978). The equations of continuity are solved from
0 to 80 km for all major O,, HO,, NO,, Cl, and
Br, species, and their precursors, allowing trans-
port by eddy diffusion for long-lived species. We
use Hunten’s (1975) eddy diffusivity profile, with
modifications recommended by NASA (1977). Alti-
tude profiles of the major stratospheric free radi-
cals computed by the photochemical model are
given in Fig. 5. Unless otherwise stated, the num-
ber densities in Figs. 4 and 5 will be taken to be
representative of the present atmosphere, contain-
ing 2.3 ppbv Cl,, 19 ppbv NO_, 6 pprav H,O and 20
pptv Br, at 40 km. For these calculations, we
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F1G. 4. Altitude profiles for major bromine species in the strato-
sphere, calculated using the reactions and rate coefficients of
Table 1. Total Br, at 40 km equals 20 pptv.

have assumed a surface mixing ratio of 20 pptv for
CH;Br (or total organic bromine), as suggested by
the measurements. The mixing ratio of total inor-
ganic bromine was 10 pptv at the ground (Wofsy
et al., 1975b). Heterogeneous removal of inor-
ganic bromine, and other soluble trace constituents
in the troposphere was modeled in the same way as
Wofsy et al. (1975b). Our results, summarized in
Fig. 4, show that BrO, an active form of bromine,
is the major bromine species in the stratosphere,
followed by BrONO,, HBr, HOBr and Br. Here
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lies an important difference between the chemistry
of bromine and chlorine. According to current
models (see, e.g., Logan et al. 1978), the relatively
inert forms of chlorine, HCI or CIONO, dominate
over CIO throughout most of the stratosphere. _

The presence of bromine at today’s level is im-
portant in controlling the abundance of O; in the
present atmosphere (with 2.3 ppbv of Cl). Fig. 6
shows a comparison of O, profiles computed with 0
and 20 pptv bromine. The difference in O3 concen-
trations reaches 6% in the lower stratosphere, but
effectively vanishes above 30 km. The column inte-
grated ozone (from 0 to 80 km) for the two profiles
in Fig. 6 differs by 2.4%. The result is somewhat
surprising, that such a small amount of bromine can
be so effective. Fig. 7 compares the rates of the
bromine-related destruction of odd oxygen with
other reactions, where ‘‘all others’’ is taken to be
equal to 2k(0; + O) + 2k,;5s(HO, + O3) + 2k,(NO,
+0) + 2k.4(C1O + O) + 25J,(CIONO,) + k3, (HO,
+ ClO). The rate-determining reactions for cycles
(I)-(V) are the reactions BrO + O (8), BrO + BrO
(9), BrO + CIO (10a), BrO + NO, + M (11) and
BrO + HO, (12), respectively. It is clear from Fig. 7
that the impact of bromine on ozone is mostly
through cycle (III). Cycle (I) becomes active only
in the upper stratosphere, where it competes rather
unfavorably with ‘‘all others’’. On the other hand,
cycle (I1II) peaks in the lower stratosphere, where
it can act as a major additional sink for odd oxygen.
Cycles (II), (IV) and (V) are insignificant com-
pared with cycle (III) at current Br, and NO,
levels. We now understand why the action of bro-
mine on ozone is almost totally controlled by reac-
tion (10a), and that factors of 3 uncertainty in

- ' ' ! T(\\r -
40} -
T [ W
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O

2 — .
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- 4
L NO2 4
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Lo o

108 107 108 10°
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FiG. 5. Altitude profiles for important species in the stratosphere. The standard model
contains 2.3 ppbv Cl,, 19 ppbv NO,, 6 ppmv H,O and 20 pptv Br, at 40 km.
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FiG. 6. Altitude profile for ozone computed with and without
20 pptv bromine.

reaction (8) are of no consequence. In all our
computations, the production and loss of odd oxy-
gen are calculated rigorously from the continuity
equations. However, this procedure is equivalent
to the use of catalytic cycles discussed here.

As discussed in the previous sections, bromine,
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when coupled with chlorine, can be an efficient
catalyst for destroying ozone. This poses an obvious
cause for concern over possible increases in atmos-
pheric bromine as a result of future growth in the
bromine industry. The importance of reaction (10a)
in the lower stratosphere -suggests that previous
ozone depletion assessments (NAS, 1976; NASA,
1977) due to steady-state chlorofluoromethane
release have been underestimated by not including
the effects of bromine. We shall explicitly investi-
gate two problems: 1) the depletion of ozone by
bromine as the bromine concentraticn increases,
while keeping the chlorine concentration fixed at its
present level (2.3 ppbv); and 2) the depletion of
ozone by chlorine due to steady-state chlorofluoro-
methane release at 1973 rates, while keeping the
bromine concentration fixed at its present level
(20 pptv).

In attacking the first problem, we must first esti-
mate the source strength of bromine compounds in
the present atmosphere. Table 2 lists a number of
stable bromine compounds that can be derived from
natural or anthropogenic sources, the global pro-
duction rates required to maintain the steady-state
abundances of the observed species, and the cur-
rent world production rates for compounds that are
widely used in industry. According to our estimates,
the natural source of CH;Br should be around
35-70 x 10° gm Br year~!. The global industrial
production rate of CH;Br in recent years has been
about 14 x 10° gm Br year—!, which could account
for 20-40% of the total atmospheric budget of
CH;Br, if all of it has been released to the atmos-
phere. However, there are increasingly larger
demands for the agricultural use of methyl bromide,
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Fi1G. 7. Rates of the bromine-related destruction of odd oxygen. **All others’’ is the
total odd oxygen destruction rate excluding that due to bromine (see text).
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and its production has been rising since 1962 at the
rate of 7% a year (Klingman, 1972-75; Foster,
1975-78). If this trend were to continue to the end
of the century, the industrial source could exceed
the natural source, and the bromine concentration
in the atmosphere would greatly increase. Atmos-
pheric bromine can also increase for another reason.
The major sink for CH;Br and C,H,Br, in the tropo-
sphere is by reaction with OH. Wofsy (1976), Sze
(1977) and Penner et al. (1977) have suggested that
mean OH concentrations in the troposphere could
decrease due to an increase in atmospheric CO. This
could result in a longer lifetime for CH;Br and
C,H,Br,, and hence a higher concentration of these
compounds, even if the sources remain constant.
For similar reasons, the concentrations of chlorine
containing compounds (e.g., CH;Cl, CHCl;, CHj;-
CCl,) could also increase. There is at least one more
potential future source of stratospheric bromine as
pointed out by Spencer and Rowland (1978). The
1976 U.S. production of CF;Br was-0.75 x 10° gm
Br.2 The upper limit for the rate coefficient for re-
action with OH, reported by Lebras and Com-
bourieu (1978), implies a minimum tropospheric
lifetime of 60 years. However, because the reaction
is highly endothermic, it is more likely that CF,Br
behaves like CFCl; and CF,Cl, toward reaction with
OH, and photolysis in the stratosphere is the major
sink. We estimate a photolytic lifetime of 70 years
for CF;Br based on the absorption cross-section
data of Molina and Molina (1979). In this case, a
constant industrial production rate as small as 1
X 10° gm Br year—! would result in a steady-state
concentration of 5 pptv CF;Br in the lower atmos-
phere (assuming complete release to the atmosphere).
Fig. 8 summarizes the results of the model calcula-
tions of ozone depletion as a function of bromine con-
centration in the atmosphere. In these calculations we
take as ‘‘standard’” a model atmosphere with 2.3
ppbv CI, but no bromine. In the perturbation cal-
culations, we assume that the vertical profile of Br,
is the same as that due to a CH;Br source (see Fig.
2). The procedure should yield an exact answer if
all stratospheric inorganic bromine is derived from
CH;Br, but must be considered as an approxima-
tion if other sources such as CF;Br and CHBr; be-
come important. AQ, in the figure refers to the
difference in column-integrated ozone abundance
(from the ground to 80 km), and is nearly proportional
to Br,, at least to concentrations ~80 pptv.

Fig. 9 shows the results of model calculations of
O; depletion due to steady-state chlorofluoro-
methane release at 1973 rates with and without in-
cluding an amount of bromine equal to that in the
present atmosphere. Curve B, is obtained by as-

2 Based on data released to the EPA in 1977 by F. A. Bower
of DuPont de Nemours & Co., Wilmington, DE.
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FiG. 8. Ozone depletion as a function of bromine concentra-
tion in the stratosphere. AQ, refers to the difference in column
integrated ozone density (from 0 to 80 km). Calculations are
summarized in Table 3.

suming that the present stratosphere contains 2.3
ppbv Cl,, and that the perturbed atmosphere con-
tains 8.2 ppbv Cl,, reflecting a rise in chlorine
concentration due to the release of chlorofluoro-
methanes. The concentrations of CFCl,; and CF,Cl,
used to model the present and perturbed atmosphere
are 0.1, 0.2, and 0.8, 2.3 ppbv, respectively. Fol-
lowing NAS (1976), we assume that yield of Cl atoms
from CFCl, and CF,Cl, photolysis are 2.5 and 2.0,
respectively. Curve B; is obtained in the same way
as curve B, with the additional assumption of the -
presence of 20 pptv bromine (as given by the profile
in Fig. 2) in both the present and the perturbed
atmosphere. To isolate the effect of cycles (V) and
(VII), we also show curves B,* and B,*, which are
obtained in the same manner as that for B, and B,,
but with the additional assumption that photolysis
of XONO, (X = Br, Cl) proceeds by the path
XONO, - XO + NO, (or O + XONO) rather than
the path XONO, — X + NO,;. The effect on the
vertically integrated ozone column abundance is
summarized in Table 3. The difference between the
present and previous assessments of the chloro-
fluoromethane impact on stratospheric ozone is
about 11%. The difference would be greater (~17%)
if cycles (IV) and (VII) were suppressed as in B*
and B;*. Our model predicts 0.2 ppbv CIONO, at
20 km, a value that should be compared with Murcray
et al.’s (1978) upper limit of 0.3 ppbv (at 5% absorp-
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FiG. 9. Altitude profiles of ozone reduction due to steady-
“state chlorofluoromethane release at 1973 rates. B, is based on our
standard model with no bromine; B; inciudes 20 pptv Br,;
B,* and B;* are the same as B, and B; except that photolysis for
XONO; proceeds by the path XONO, - XO + NO, or
0O + XONO(X = Br, Cl). Details are referred to in Table 3.

tion level) at 20 km. As discussed earlier, the addi-
tional ozone depletion by bromine is primarily
through the effect of cycle (III). The result for
column-integration ozone depletion can be approxi-
mately expressed as

AO;[cycle(ll)] 1/ Br, \/ Cl, \18
o~ wlE @)

0, ~ 40\ (Br,),

where (Br,), = 20 pptv, (Cl), = 2.3 ppbv, Br,
< 100 pptv and 2 ppbv < Cl, = 10 ppbv. The
exponent 1/3 in Cl, acts as a damping factor and is
due to a ‘‘self-healing’’ effect caused by the destruc-
tion of O; at high altitudes. More photons are then
allowed to penetrate deeper into the atmosphere
where they can photolyze O,. With bromine, how-
ever, most of the O; perturbation takes place in the
lower stratosphere below the level of maximum con-
centration for O;, and the corresponding radiative
feedback is absent. Our results for AQ; fall between
curves A and B, in Fig. 2 of Wofsy et al. (1975b).
It is not meaningful to seek a more detailed com-
parison between Wofsy er al.’s calculations and
ours since the major catalytic cycles and the number
densities of important chemical species in the two
models are different. Some photochemical models
(see, e.g., Derwent and Eggleton, 1978) predict
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lower concentrations of ClO in the lower strato-
sphere, for reasons to be discussed in the next
paragraph, and the bromine effect is accordingly
smaller. Our calculations are based on diurnally
averaged values for all stratospheric species. A
fully time-dependent calculation will (i) increase the
daytime ClO concentration due to J,,; (ii) increase
the daytime BrO concentration due to J,; and (iii)
decrease the daytime BrO concentration due to J,
and NO. At low values for J,(<3 x 1073 s7), (ii)
is much larger than (iii), and our calculations have
underestimated the effect of bromine. A comparison
between time-dependent and diurnally averaged
calculations has been performed by Sze (1979,
private communication) using a similar photochemi-
cal model with J, = 1 X 1072 s7!, Sze’s results are
close to ours. However, his time-dependent calcula-
tions predict a 30% larger AQ; than is obtained with
the diurnally averaged model.

A number of uncertainties in the current model-

"ing effort of stratospheric bromine can be readily

identified. The major bromine-related catalytic cycle
is cycle (III), whose effect on Oj is, to first order,
given by

—80; o 2k,,[CIO][BrO].

In the lower stratosphere, we can derive ap_proxi-
mate expressions for ClIO and BrO:

TABLE 3. Column-integrated (from 0 to 80 km) ozone
abundance calculated by our photochemical model for various
concentrations of Cl, and Br; in steady state. The units for
ozone, Cl, and Br, abundances are cm-atm (1 cm-atm = 2.6
X 10 molecules cm™), ppbv and pptv, respectively. For
cases marked by an asterisk we assume that photolysis of
XONO, proceeds by the path XONO, —» XO + NO, (or O
+ XONO), where X = Br or Cl. For all other cases, photolysis
of XONO, proceeds by the path given in Table 1. Runs C,,
C,, D, and D, show the sensitivity of the results for A; to the
uncertainties in the rate coefficients for reactions 2(Br + HO,)
and J,(BrO + Av). For runs C, and C,, k, was set equal to
4 x 1071 and § x 1072 cm® s™!, respectively, in runs D, and
D,, J, was set equal to 3 X 1072 and 3 x 1073 s71.

Cl.(ppbv)
B
A0yO, = — -1
Br,(pptv) 23 8.2 /0= 2
0 A, 0.327 B, 0.268 —18.0%
10 A, 6.323 B, 0.262 ~18.9%
20 A; 0.319 B, 0.256 -19.7%
30 A, 0315 B, 0.251 —~20.6%
80 A; 0.294 B, — _
0 A* 0.333 ‘B,* 0.283 ~15.0%
20 As* 0.326 B;* 0.269 ~17.5%
20 C, 0.321
20 C, 0318
20 D, 0.321
20 D, 0.319
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ey _ {1 + kysks, [CH,][NO]
[ClL] k32k1s[OH][O;]
n kls[M][Nozl]_l’
J10
‘ [Br] - [1 + ko[HO1(J; + k;[NOI)
[Br,] k1ks[OH][Os]
+ kn[M}[Noﬂ}_l.

The quantities most critical for a better understand-
ing of stratospheric bromine are summarized and
critiqued in Table 4. For simplicity, we choose to
evaluate all therelevant quantities at 20 km. We may
note that ClO in the lower stratosphere is a minor
chlorine species, whose concentration is controlled
by NO, NO,, k,; and CH,. A comparison between
predicted and measured CIO concentrations below
25 km shows considerable disagreement (Anderson
et al., 1977), with the measurements suggesting
lower ClO concentrations, especially in winter. If
the missing CIO has been converted into HCI, this
would result in a net decrease in the catalytic de-
struction of O3 in the lower stratosphere. However,
if the missing ClO has been converted into CIONO,
and if the photolysis products are Cl + NO; [Murcray
et al.’s, (1978) upper limit measurement of CIONQO,
is for March], then cycle (VII) would operate in
favor of cycle (III), and lead to a net destruction of
O;. The major uncertainty in the bromine chemistry
is the absolute concentration of Br,. The way in
which the uncertainties in Table 4 affect 80, is, in
most cases, explicitly given by the approximate ex-
pressions we derived earlier. We do, however, in-
clude in Table 3 the results of four runs (C,, C,, Dy,
D,) on the sensitivity of 80, to a range of values for
k, and J,. The results suggest that §0; does not vary
by more than 50% over the considerable uncertainty
range for &, and J,, except in the unlikely event that
ky, J; and k5 all happen to take on extreme values
which would lower the [BrO] to [Br,] ratio. We
have also examined the sensitivity of the results
to the choice of eddy diffusivity profile. A factor of
1.5 increase or decrease in values of eddy dif-
fusivities leads to a 20% decrease and a 20% increase
in 80;, respectively. In addition to the uncertainties
associated with the photochemistry in our model,
there is the question of whether the one-dimensional
model approach is really valid for modeling the lower
stratosphere.

It is well known that dynamical processes play a
major role in determining the distributions of ozone
and other trace gases in the lower stratosphere. The
one-dimensional model considers vertical transport

only, whereas the motion field is more nearly hori-
zontal. Quasi-horizontal motions transport trace
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TABLE 4. The major uncertainties in the modeling of the coupled
photochemistry of bromine in the lower atmosphere.

Quantity Magnitude at 20 km Uncertainty
v Cl, 0.99 ppbv factor of 1.5

Br, 11 pptv factor of 2

K10a 6.7 x 1072 cm? s~} 2.5 x 10712 — 1.3 x 1071
cm® 57!

ks 1.6 x 107" ¢cm? 5! 1.3 — 2.1 x 107" cm?® s™!

NO 2.7 x 108 cm™3 factor of 2

Cl0 7.8 x 107 cm™? factor of 2 (see text)

Js 1 x 1072s! 3x1072-3x 10%s!

ky 2.0 x 107" ¢m?® s7! 4 x 1071 — 5 x 10712
cm?® 57!

ks 8.5 x 1072 ¢cm?® s™! factor of 1.5

BrO 1.2 x 10 cm™ factor of 2

gases poleward, where they will meet different condi-
tions of temperature and the availability of solar
ultraviolet radiation. These variations will play an
important role in determining the species partition-
ing between the total inorganic chlorine and bromine
reservoirs. The relative importance of either HCI
or CINO; (as chlorine reservoirs) on the destruc-
tion of ozone at high latitudes has already been
mentioned. A detailed treatment of stratospheric-
tropospheric exchange processes is also required,
in order to accurately determine the lifetime, in the
lower stratosphere, of substances which may de-
plete ozone. Indeed, the study of compositional
changes in the lower stratosphere on ozone may re-
quire the use of a multi-dimensional dynamical
model.

4. Conclusions

In the lower stratosphere (16-~26 km) ozone can
be efficiently removed by a mixed bromine-chlorine
catalytic cycle [cycle (II1)], with additional contribu-
tions from cycle (IV) and cycle (VII). All three
cycles involve a synergistic coupling between radi-
cal species from different families. We have investi-
gated the effect of bromine in the present atmos-
phere, and in an atmosphere perturbed by large
concentrations of halogens derived from anthropo-
genic sources. In both cases, the results (summarized
in Table 3) suggest that bromine is important for
controlling stratospheric ozone at a few percent
level, and should be included in photochemical
models. The major uncertainties in the modeling of
bromine chemistry are in the concentrations of CIO
and Br, in the lower stratosphere and the rate
coefficients for the key reactions kq,, k» and J, (see
Table 4). These uncertainties can be removed by
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suitable experimental work in the future. This work
raises the possibility of large ozone depletions
(20-30%) in the lower stratosphere, associated with
the release of chlorofluoromethanes.

Acknowledgments. We thank A. L. Lazrus and
W. A. Sedlacek for permission to use their data prior
to publication. We benefited from discussions with
W. B. DeMore, H. B. Singh, J. S. Chang, S. C. Liu,
N. D. Sze, J. A. Logan, S. C. Wofsy, M. T. Molina
and F. S. Rowland. We appreciate the constructive
criticisms given by the referees, P. J. Crutzen and
R. J. Cicerone in their reviews of this paper.

This research was supported by NASA Grant
NSG 2229 to the California Institute of Technology
and NASA Grant NSG 5163 Scope M to Columbia
University; this also represents one phase of NASA
sponsored research carried out at the Jet Propulsion
Laboratory under Contract NAS 7-100.

REFERENCES

Anderson, J. G., J.J. Margitan and D. H. Stedman, 1977: Atomic
chlorine and the chlorine monoxide radical in the strato-
sphere: Three in situ observations. Science, 198, 501-503.

Brown, R. D., and I. W. M. Smith, 1975: Absolute rate constants
for the reactions O(®P) with HCI and HBr. Int. J. Chem.
Kinet., 7, 301-315.

Burreson, B. J., R. E. Moore and P. Roller, 1975: Haloforms
in the essential oil of the alga Asparagopis Taxiformis
(Rhodophyta). Tetrahedron Lett., 7, 473-476.

Calvert, J. G., and J. N. Pitts, 1966: Photochemistry. Wiley.

Chang, J. S., 1976: Calculations presented in NAS report. [See
reference N'AS, 1976.]

——, and J. E. Penner, 1978: Analysis of global budgets of
halocarbons. Atmos. Environ., 12, 1867-1873.

-——,J. Baker, J. E. Davenport and D. M. Golden, 1979: Chlorine
mtrate photolysis at low pressure. Chem. Phys. Lett., 60,
385-390.

Cicerone, R. J., R. S. Stolarski and S. Walters, 1974: Strato-
spheric ozone destruction by man-made chlorofluoro-
methanes. Science, 185, 1165~1167.

Clyne, M. A. A, and H. W. Cruse, 1970: Rates of elementary
reactions involving the BrO(X>II) radicals: Part 1, Formation
and decay of the BrO radical; Part 2, Reactions of the BrO
and 10O radicals. Trans. Faraday Soc., 66, 2214-2243.

——, and R. T. Watson, 1975: Kinetic studies for diatomic free
radicals using mass spectrometry: Part 3, Elementary re-
actions involving BrO X*II radicals. Trans. Faraday Soc.
1, 711, 336-350.

Crutzen, P. J., 1970: The influence of nitrogen oxides on the
atmospheric ozone content. Quart. J. Roy. Meteor. Soc.,
96, 320-325.

——,1.S. A.Isaksen and J. S. McAfee 1978: The impact of the
chlorocarbon industry on the ozone layer. J. Geophys. Res.,
83, 345-363.

Davies, D. D., G. Machado, B. Conaway, Y. Oh and R. T. Wat-
son, 1976: A temperature dependent Kinetic study of the re-
action OH with CH;Cl, CH,Cl,, CHCl;, and CH;Br.J. Chem.
Phys., 65, 1268-1274.

Derwent, R: G., and A. E. J. Eggleton, 1978: Ozone depletion
estimates for global halocarbon and fertilizer usage employ-
ing one-dimensional modelling techniques. Internal Rep.
AERE-R-9112, Environmental and Medical Sciences Divi-
sion, Aere, Harwell, U.K.

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 37

Durie, R. A., and D. A. Ramsay, 1958: Absorption spectra of
the halogen monoxides. Can. J. Phys., 36, 35~53.

Foster, R. J., 1975-78: Bromine. Bureau of Mines Minerals
Yearbook 1975-78. Information on years 1977 and 1978 are
in preprint form.

Helz, G. R., and R. Y. Hsu, 1978: Volatile chloro- and bromo—
carbons in coastal waters. Limnol. Oceanogr., 23, 858-869.

Howard, C. J., 1978: Recent developments in atmospheric HO,
chemistry. Proc. WMO Symp., Toronto, p. 11 [ISBN
92-63-10511-1]. )

——, and K. M. Evenson, 1975: Rate constarts for reactions
of OH with ethane and some halogen substituted ethanes
at 296 K. J. Chem. Phys., 64, 4303-4306.

——, and ——, 1977: Kinetics of the reactions of HO, with NO.
Geophys. Res. Lett., 4, 437-440.
Hunten, D. M., 1975: Vertical transport in atmospheres.

Atmospheres of Earth and the Planets, B. M. McCormac,
Ed., Dordrecht, 59-72.

Johnston, H. S., 1971: Reduction of stratospheric ozone by
nitrogen oxide catalysts from SST exhaust. Science, 173,
517-522.

Klingman, C. L., 1972-75: Bromine. Bureau of Mines Minerals
Yearbook.

Lazrus, A. L., B. W. Gandrud, R. N. Woodard and W. A.
Sedlacek, 1976: Direct measurements of stratospheric
chlorine and bromine. J. Geophys. Res., 81, 1067-1070.

——, —— and —: 1979: Manuscript in preparation.

LeBras G., and J. Combourieu, 1978 EPR Kiretic study of the
reactions of CF;Br with H atoms and OH radicals. Inz. J.
Chem. Kinet., 10, 1205-1213.

Leinster, P., R. Perry and R. J. Young, 1978: Ethylene dibromide
in urban air. Atmos. Environ., 12, 2383-2387.

Leu, M. T., and W. B. DeMore, 1977: Rate constant for the
reaction of atomic bromine with ozone. Chem. Phys. Lett
48, 317-320.

——, and C. L. Lin, 1979: Rate constants for the reaction OH
with ClO, Cl,, and Cl,0, at 298 K. Geophys. Res. Lett., 6,
425-428.

Lin, C. L., S. Jaffe and W. B. DeMore, 1975. Photochemistry
of Cl,/O; mixtures. Presented at 169th National ACS meeting
in Philadelphia, 611 April 1975.

Logan, J. A., M. J. Prather, S. C. Wofsy and M. B. McElroy,
1978: Atmospheric chemistry: response to human influence.
Phil. Trans. Roy. Soc. London, 290, 187-234.

Lovelock, J. E., 1975: Natural halocarbons in the air and in the
sea. Nature, 256, 193-194.

McElroy, M. B., S. C. Wofsy, J. E. Penner and J. C. McConnell,
1974: Atmospheric ozone: possible impact of stratospheric
aviation. J. Atmos. Sci., 31, 287-303.

Michael, J. V., and W. A. Payne, 1979: Absolute rate constants
for the reaction of bromine atoms with ozone from 234~
360 K. Submitted to Int. J. Chem. Kinet.

——, J. H. Lee, W. A. Payne and L. J. Stief, 1978: Absolute
rate of the reaction of bromine atoms with ozone from 200
to 360 K. J. Chem. Phys., 68, 4093-4097.

Molina, M. J., and L. Molina, 1979: Manuscript in preparation.

——, and F. S. Rowland, 1974: Stratospheric sink for chloro-
fluoromethanes: chlorine-atom catalyzed destruction of
ozone. Nature, 249, 810-815.

Murcray, D. G.; J. W. Williams, D. B. Barker, A. Goldman, C.
Bradford and G. Cook, 1978: Measurements of constituents
of interest in the photochemistry of the ozone layer using
infrared techniques. Proc. WMO Symp., Toronto, 61—-68
[ISBN 92-63-10511-1].

NAS, 1976: Halocarbons: Effects on Stratospheric Ozone. Na-
tional Academy of Sciences.

NASA, 1977: Chlorofiuoromethanes and the stratosphere, R. D.
Hudson, Ed. NASA Ref. Publ. 1010, Scientific and Technical
Information Service, 352 pp.

NASA, 1979: Chemical kinetic and photochemical data for use in



FEBRUARY 1980

stratospheric modeling. Evaluation No. 2. NASA Panel
for Data Evaluation, JP 70-27, Jet Propulsion Laboratory,
California Institute of Technology, 266 pp.

Penner, J. E., M. B. McElroy and S. C. Wofsy, 1977: Sources
and sinks for atmospheric H,: A current analysis with pro-
jections for the influence of anthropogenic activity. Planet.
Space Sci., 25, 521-540.

Sander, S. P., and R. T. Watson, 1979a: Rates and mechanisms
of the disproportionation of BrO radicals. Submitted to J.
Phys. Chem.

——, G. W. Ray and R. T. Watson, 1979b: A pressure de-
pendence kinetics study of the BrO + NO, + M reactions at
298 K. Submitted to J. Phys. Chem.

Singh, H. B., L. Salas, H. Shiegeshi and A. Crawford, 1977:
Urban non-urban relationships of halocarbons, SFg, N,O,
and other atmospheric trace constituents. Atmos. Environ.,
11, 819-828. )

Smith, W. S., C. C. Chou and F. S. Rowland, 1977: The mecha-
nism for ultraviolet photolysis of gaseous chlorine nitrate
at 302.5 nm. Geophys. Res. Lett., 4, 517-519.

Spencer, J. E., and F. S. Rowland, 1978: Bromine nitrate and
its strato$pheric significance. J. Phys. Chem., 82, 7-10.
Stief, L.J.,J. V. Michael, W. A. Payne, D. F. Nava, D. M. Butler
and R. S. Stolarski, 1978: The reaction Cl + H,CO — HCl
+ HCO: decreased sensitivity of stratospheric ozone to

chlorine perturbations. Geophys. Res. Lett., 5, 829-831.

Sze, N. D., 1977: Anthropogenic CO emissions: Implications for
atmospheric CO-OH-CH, cycle. Science, 195, 673-675.

Takacs, G. A., and G. P. Glass, 1973a: Reactions of hydroxyl
radicals with some hydrogen halides. J. Phys. Chem., 71,
1948-1951.

YUNG, PINTO, WATSON AND SANDER

353

——, and ——, 1973b: Reaction of atomic oxygen with hydrogen
bromide. J. Phys. Chem., 77, 1182-1186.

Theiler, R., J. C. Cook, L. P. Hager and J. F. Siuda, 1978:
Halohydrocarbon synthesis by bromoperoxidase. Science,
202, 1094-1096.

Wang, W. C., J. P. Pinto and Y. L. Yung, 1980: Climatic effects
due to halogenated compounds in the earth’s atmosphere.
J. Atmos. Sci., 37, 333-338.

Watson, R. T., 1975: Chlorine, the chlorine oxides, and other
halogen species. CIAP Monogr., No. 1, Publ. DOT-TST-
75-51, Dept. of Transportation, Climatic Impact Assessment
Program (see Section 5.7.5).

—, G. Machado, B. Conaway, S. Wagner and D. D.
Davis, 1977: A temperature dependent kinetic study of the
reaction of OH with CH,CIF, CHCL,F, CHCIF,, CH;CCl;,
CH3CF,Cl, and CF,CICFCl,. J. Phys. Chem., 81, 256-262.

——, S. P. Sander, and Y. L. Yung, 1979: A pressure and tem-
perature dependence kinetics study of the NO + BrO —
NO, + Br reaction: Implications for stratospheric bromine
photochemistry. J. Phys. Chem. 83, 2936.

Wofsy, S. C., 1976: Interactions of CH; and CO in the earth’s
atmosphere. Annual Review of Earth and Planetary Sci-
ence, Vol. 4, Annual Reviews, 441-469.

~——, 1978: Temporal and latitudinal variations of stratospheric
trace gases: A critical comparison between theory and
experiment. J. Geophys. Res., 83, 364—378.

——, M. B. McElroy and N. D. Sze, 1975a: Freon consumption:
Implications for atmospheric ozone. Science, 187, 535.
——,——and Y. L. Yung, 1975b: The chemistry of atmospheric

bromine. Geophys. Res. Lett., 2, 215-218.



